Reelin is a large secretable protein which is widely expressed by specific neuronal populations. In the embryonic brain, Reelin plays a signaling role critical for the correct positioning of migrating neuroblasts. Reelin is also expressed in the adult mammalian brain, including humans; however, its function/s there remain poorly understood. To gain insight into which neuronal populations and specific circuits may be influenced by Reelin in the adult, we have conducted a light and electron microscope analysis of Reelinimmunoreactive neuron types in the cerebral cortex and subcortical regions of adult macaque monkeys. Results show that the great majority of brain neurons, including interneurons and projection neurons, are immunoreactive for Reelin although some neuronal populations do not contain Reelin. The immunoreactive protein is located intracellularly, mainly in neuronal somata. Reelin is also present in gray matter neuropil as well as in some long axonal pathways and their terminal arborizations, suggesting that it can be axonally transported over long distances. The staining patterns in the labeled neurons are remarkably diverse. Our observations reveal a wider distribution of Reelin in the adult macaque brain than in any other species investigated to date. The data show that Reelin is in a position to influence most brain circuits in the adult primate brain.
Introduction
Reelin is the protein product of the mutated gene in reeler mice (D'Arcangelo et al., 1995; Ogawa et al., 1995) , a strain characterized by ataxic gait and widespread disruption of neuronal positioning in the central nervous system (Caviness et al., 1988; Phelps et al., 2002) . Recently, the Reelin gene has also been found to be mutated in a recessive form of human lissencephaly with cerebellar hypoplasia (Hong et al., 2000) . Reelin is a large secretable protein (385 kDa), but shorter forms arise via cleavage of full-length Reelin into two smaller proteins of ∼250 and 180 kDa (Lambert de Rouvroit et al., 1999) . All forms contain an N-terminal domain that is similar to F-spondin (De Bergeyck et al., 1998) , a protein that is secreted by f loor plate cells and that directs neuronal migration and axonal growth in the spinal cord (Klar et al., 1992) . Evidence accumulated in recent years indicates that, during development, Reelin is involved in the control of neuroblast positioning through regulation of cell-to-cell adhesion. The proposed mechanisms involve Reelin acting as an intercellular signaling molecule of the extracellular matrix [for recent reviews see Rice and Curran (Rice and Curran 2001) , or Aboitiz et al. (Aboitiz et al., 2001) ]. Reelin has been shown to be secreted (Miyata et al., 1996; D'Arcangelo et al., 1997; Lacor et al., 2000; Jossin and Goffinet, 2001) , and bind to receptors Hiesberger et al., 1999; Dulabon et al., 2000) . The Reelin signal can then be transduced in target cells by several putative pathways (Rice and Curran, 2001) . A wealth of genetic data, as well as in vitro and in vivo experiments, support the view that such mechanisms may be at work, for example, in the genesis of the inside-out neurogenetic gradient of the cerebral cortex (Gleeson and Wash, 2000; Rice and Curran, 2001; Magdaleno et al., 2002) .
In addition, substantial amounts of Reelin protein or mRNA have also been found in the adult brain (Schiffmann et al., 1997; Alcántara et al., 1998; Impagnatiello et al., 1998; Pesold et al., , 1999 Guidotti et al., 2000; Rodríguez et al., 2000) as well as other body tissues (Hong et al., 2000; Smalheiser et al., 2000; Heymann et al., 2001) of mammals, including humans. Nevertheless, the biological function/s of Reelin in the adult brain remain poorly understood. The obser vation that Reelin is associated to integrin receptors in dendrites led to the suggestion that it may be involved in the modulation of synaptic plasticity (Pesold et al., , 1999 Rodríguez et al., 2000; Quattrocchi et al., 2002) .
We reasoned that insight into the neuronal populations and specific circuits that contain Reelin in the adult brain could yield valuable clues regarding Reelin function after development. The available data were fragmentary and largely based on rodent material (Miyata et al., 1996; Alcántara et al., 1998; Pesold et al., 1998 Pesold et al., , 1999 . Data on primates, including humans, are limited to samples from a few cortical areas Fatemi et al., 2000; Guidotti et al., 2000; Rodríguez et al., 2000; Pérez-García et al., 2001; Zecevic and Rakic, 2001) . In general, these studies have reported that, in the cerebral cortex, Reelin is localized to specific interneuron populations, prominently in layer I. However, a systematic study of Reelin protein in cortical and subcortical structures of the primate brain has not yet been published. Consequently, we set out to analyze Reelinimmunoreactivity in cortical and subcortical regions of adult macaques at the light and electron microscope levels.
Results show that a very large majority of brain, cerebellum and brainstem neurons, including both interneurons and projection neurons, are immunoreactive for Reelin in adult macaques. The epitopes detected by the antibodies used in this study are located intracellularly, mainly in neuronal somata and proximal dendrites. In addition, Reelin-like immunoreactivity is present in the neuropil of most gray matter areas, as well as in some axonal pathways and their terminal arborizations. It follows from our results that Reelin distribution is more widespread in the brain of adult primates than in any other mammalian order investigated to date. Overall, our data are consistent with the notion that, in the adult, Reelin may be involved in the modulation of synaptic plasticity; moreover, they suggest that this modulatory role is remarkably prevalent in the primate brain.
Materials and Methods

Tissue Fixation
Brain tissue from a total of six adult macaques (four males and one female Macaca nemestrina, and one adult female Macaca mulatta) was used for the present study. A ll procedures involving these animals were carried out in accordance with European Community Council Directive 86/609/EEC guidelines. A ll animals were killed with sodium pentobarbital (80 mg/kg) immediately before fixation.
Two animals were first perfused through the left ventricle with saline (5 min), followed by 4% paraformaldehyde in 0.1 M phosphate buffer pH 7.4 (PB) for 1 h. In the remaining four animals, the fixative solution used after the saline contained 4% paraformaldehyde + 0.15-0.2% glutaraldehyde in PB. In all cases, excess fixative was subsequently f lushed by perfusion with a graded series of sucrose solutions (5%, 15% and 30%) in PB at 4°C. Once perfusion was completed, brains were stereotaxically split in coronal blocks, and removed from the skull.
Freeze Sectioning
Tissue blocks from five animals were cryoprotected by soaking in a 30% sucrose solution in PB until they sank. Parallel series of 50 µm thick coronal sections were then obtained on a freezing microtome. For cytoarchitectonic reference, one series of sections was mounted onto gelatin-coated glass slides, air-dried, stained with cresyl violet, dehydrated and coverslipped. Other series of sections from which the present material was taken were soaked in a buffered 20% ethylenglycol solution and stored at -20°C.
Immunohistochemistry for Light Microscopy
Prior to beginning the immunohistochemical protocol, a series of three to eight coronal sections that as a group covered a variety of rostrocaudal levels of the brain and brainstem were selected from each brain. Sections included samples from a wide variety of coronal levels across the cerebral hemispheres, thalamus, hypothalamus, mesencephalon, pons, rostral medulla oblongata and cerebellum; the olfactor y bulbs were not included.
Sections were thoroughly rinsed in PB at 4°C for 48 h. Sections were then pretreated with a 1% hydrogen peroxide solution in phosphatebuffered saline (PBS) solution for 20 min, rinsed, and subsequently blocked with 10% horse serum + 3% bovine serum albumin + 0.5% Triton X-100 in 0.1 M PBS. Sections were incubated for 48 h at room temperature, either in mouse monoclonal IgG 142 (1:400, a gift of Dr A.M. Goffinet, Namur, Belgium), or mouse monoclonal IgG CR-50 (1:400 a gift of Dr M. Ogawa, RIKEN, Japan). A biotinylated horse anti-mouse IgG (Pierce, Rockford, IL, 1:200) was used as secondary antibody. Immunoreagents were diluted in 0.1 M PBS containing 3% normal horse serum and 0.1% Triton X-100. Sections were subsequently incubated in avidin-biotinylated horseradish peroxidase complex (ABC, Vector Laboratories, Burlingame, CA) in 0.1 M PBS for 1 h, and developed with 0.01% H2O2 + 0.04% 3,3′-diaminobenzidine tetrahydrochloride (DA B) in acetate buffer pH 6. In some experiments, we enhanced the opacity of the reaction product by including 2.5% nickel sulfate in the developer medium (Ni-DA B). Multiple rinses in PBS were performed between each of the above steps. The specificity of the monoclonal antibodies used is well characterized (De Bergeyck et al., 1998) . In addition, each experiment included a control section processed without the primary antibodies and this always resulted in the absence of immunostaining. The concentration of primary antibodies was tested and optimized in preliminary experiments.
Sections were mounted on gelatin-coated glass slides and air-dried. Some sections were lightly counterstained with cresyl violet. All sections were finally dehydrated in graded alcohols, cleared in xylene, and coverslipped with DePeX.
Semithin Tissue Sections
After removal from the skull, tissue blocks from the sixth animal (a male nemestrina macaque perfused with the aldehyde mixture that included 0.2% glutaraldehyde, see above) were cryoprotected by soaking in 20% glycerol in PB. The tissue blocks were then stored at -20°C for several months. Forty-eight hours prior to beginning the immunohistochemical staining protocol, small (∼300 mm 3 ) tissue portions were dissected. These portions included samples of the isocortex (rostral prefrontal cortex, striate cortex), the hippocampal formation, the head of the caudate nucleus, and some cerebellar folia. The portions were rinsed in phosphate buffer for 12 h at 4°C and subsequently vibrosliced at 40 µm.
Sections underwent pre-embedding immunostaining following a protocol equivalent to the one described above, except for the absence of Triton X-100 in all steps. The sections were brief ly mounted in PBS onto glass slides and examined under the light microscope. Although consistent, the immunolabeling was weaker than that obtained using Triton X-100. Regions of interest were then dissected from the section, postfixed in osmium tetroxide (2% in 0.1 M cacodylate buffer), dehydrated, and f lat-embedded in Araldite. Serial semithin (2-3 µm) sections were cut from these samples on a Reichert Ultracut ultramicrotome. Semithin sections were counterstained with toluidine blue, mounted on glass slides, and dry-coverslipped.
Light Microscopy Analysis
Thick (40-50 µm) and semithin (2-3 µm) sections were examined in a Nikon Eclipse microscope at 40-1000× under bright and dark-field illumination. Resolving the various cell-specific patterns of immunolabeling required the systematic use of 1000× oil-immersion optics for each investigated brain region.
Ultrathin Re-sectioning and Electron Microscopy
Cells with identifiable cellular morphology and evident Reelin immunostaining were selected (n = 16) from the semithin sections. These cells were photographed and their location recorded on detailed camera lucida drawings. Under a stereomicroscope, the tissue region (∼2 mm 2 ) containing each cell was then dissected, f lat-mounted in Araldite, and re-sectioned in ultrathin (60-80 nm) sections. Some ultrathin sections were intensified with lead citrate (0.4%), while other sections were left without intensification. Sections were visualized at 1000-100 000× using a JEOL JEM 1010 transmission electron microscope. Sections were imaged for analysis with a Bioscan digital imaging system (Gatan, Pleasanton, CA, USA). For the purpose of illustration, the regions of interest were directly photographed on film.
Results
Every cortical field and subcortical structure that we examined contained large numbers of immunoreactive neuronal somata. Some non-immunoreactive neurons were also present in most regions. In addition, we obser ved a fine-grained immunoprecipitate in the gray matter neuropil of these regions, as well as in some specific axonal tracts. No labeling was obser ved in glial, pial or endothelial cells. Immunostaining with either of the two monoclonal anti-Reelin IgGs assayed (142 and CR-50) resulted in similar staining, although CR-50 yielded a weaker staining and higher background. Immunostaining in all six experimental cases was consistent; however, it was most intense in the two brains that had been fixed without glutaraldehyde. Our observations are summarized in Table 1 .
General Features and Distribution of the Reelin-immunoreactive Neuronal Somata
Throughout the brain, immunolabeled neuronal somata displayed a wide spectrum of staining patterns and intensities with one of two basic staining patterns generally being present: (a) labeled particles located in the cell soma (PReln-ir neurons), or (b) a solid stain that cleanly labeled the perikaryon and, often, the first-and second-order dendrites as well (SReln-ir neurons). A lthough some cells showed intermediate features and were difficult to classif y, we found these categories generally consisent and useful for descriptive purposes.
The relative number and distribution of PReln-ir neurons and SReln-ir neurons was markedly dissimilar across brain regions. The PReln-ir neurons were the great majority in all the examined structures, while SReln-ir neurons were notably less numerous, and largely limited to telencephalic structures (Table 1) . Nevertheless, the superficial layer of the cerebral cortex (layer I in the isocortex, or the molecular strata in the hippocampal formation and olfactory areas) contained almost no PReln-ir neurons although it did contain a large population of SReln-ir neurons (Figs 1 and 2) .
At low magnification, staining looked 'weak' in the PReln-ir however there are striking differences in the labeling pattern between the various fields and layers. Notice, for example, the difference between the Ammon's horn sectors 3 (CA3) and 1 (CA1), or between the entorhinal (Enr) and perirhinal (Prh) areas. FD: fascia dentata; HF: hippocampal fissure; Sb: subiculum. (B) Detail of the labeling in the entorhinal cortex (inset in A). Superficial (I, II, III) and deep cellular layers (IV-V); lamina dissecans (LD). The labeling pattern of neuronal bodies is markedly lamina specific. Notice also the heavily immunoreactive interstitial neurons of the subcortical white matter (WM, top). (C) Transitional region between the CA3 and CA1 fields (inset in A). Stratum lacunosum-moleculare (LM), stratum radiatum (R), stratum pyramidale (PyR), stratum oriens (Or) and alveus (A). Note that while labeling in the pyramidal stratum shifts abruptly, the labeling pattern in other layers is similar in the two fields. (D) Fascia dentata (FD, inset in A). Molecular layer (ML), granule cell layer (GL) and hilum (H). In this panel (and in C -LM and D -layer I), notice the population of medium-sized (15-20 µm) neurons in ML that display solid labeling of their soma and one or two long dendrites. These long dendrites form an immunoreactive subpial plexus best appreciated in D.
neurons. However, at high magnification, it was evident that most of the particles in PReln-ir cells were heavily labeled, although they were too small to be seen at low magnification under bright-field optics. These particles were sharply delineated corpuscles of widely varied shapes, ranging from lump-like to fiber-like. Fiber-like particles were ver y thin (0.1-0.5 µm), elongated (up to 100 µm), and often varicose, tortuous or branched. Lump-like particles varied from small pellets (0.1-0.2 µm) to larger irregular masses of several microns in diameter. Overall, the varied morphology and arrangement of these particles in the labeled cells conferred an appearance that was specific to the neurons in each nucleus or layer, or even to particular cell types ( Fig. 3A1-I4 ).
In non-counterstained tissue sections, large aggregates of immunoreactive particles clearly delineated the soma of some PReln-ir neurons, but isolated particles were often difficult to relate to a cell soma ( Fig. 1D,E) . In cresyl-violet counterstained sections ( Fig. 3) , however, it was readily evident that the immunoreactive particles always co-localized with neuronal somata. Those of filiform shape were mainly found in the dendritic shafts of neurons, while lump or pellet-like particles were located around the neuronal nuclei. What was more, counterstaining confirmed that the nuclei and large parts of the cytoplasm of the PReln-ir neurons were unlabeled.
In the SReln-ir neurons, the immunolabeling covered the whole soma and proximal dendrites, but spared the nucleus. Although the labeling extended up to second-order branches in the dendrites of some of these cells, in most it was limited to dendritic shafts. Interestingly, the labeling in SReln-ir neurons showed spots of higher density, in a manner reminiscent of the particles observed in PReln-ir cells (Figs 1E, 3A1-2, 3B2, 3G5).
Cresyl violet counterstaining revealed that some cell populations were not immunoreactive for Reelin. The vast majority of these cells were identified either as glial cells, due to their small (<2 µm), heavily stained nucleus, or as endothelial cells, due to their elongated nucleus and perivascular position ( Fig. 3A1-4 ). However, in many brain regions, some non-immunoreactive cells were clearly neurons ( Fig. 3A1-2 , 3B3-4, 3C). In most cases their size was in the range of the smaller neurons in the corresponding nucleus or layer. Although we cannot generalize across so many brain regions, these obser vations suggest that, in most cases, the Reelin-immunonegative neurons were interneurons.
Axonal and Neuropil Immunoreactivity
The axons of the lateral olfactory tract and of the stria terminalis showed a peculiar type of immunolabeling (Fig. 4) . These axons displayed very small (<0.2 µm), apparently intraaxonal immunoreactive puncta, while the rest of the axon was unlabeled (Fig. 4B,D) . In addition, heav y neuropil labeling consisting of the same type of immunoreactive particles was present in the external division of the anterior olfactory nucleus (Fig. 4B ), a terminal field of the lateral tract axons (Carmichael et al., 1994) . We did not systematically examine other terminal fields of the tract, but this obser vation does suggest that Reelin is transported along the axons from the olfactory bulb, and probably also along those of the stria terminalis. We did not obser ve similar immunoreactivity in most of the other white matter tracts (Table 1, Fig. 4A ).
The gray matter neuropil of most brain areas contained large numbers of immunoreactive puncta, so small that they were evident only at high magnification ( Fig. 3A1-3 , 3B1-2, 3B4-I2). Al low magnification, these puncta appeared as a faint background staining, that was particularly dense near the pial surface of the cerebral and cerebellar cortices. When examined through the depth of focus in a section, the immunoreactive puncta often displayed loose linear arrangements, like beads strung on a thread. The absence of similar labeling in the cerebral and cerebellar white matter, or in control tissue sections in which the primar y antibody had been omitted, indicated that this labeling was Reelin specific.
Reelin Immunoreactivity in the Isocortical Areas of the Cerebral Cortex
We examined most isocortical fields, including sensor y, association, limbic and motor areas. The labeling pattern was fairly similar throughout the isocortex. The slight f luctuations between areas basically ref lected the underlying cytoarchitectonic differences. Samples from three areas are illustrated in Figure 1 .
Most neurons in isocortical layers II-VI were PReln-ir. The large pyramidal cells in layers III and V showed conspicuous aggregates of immunoreactive particles, but even the small pyramidal, stellate and fusiform cells in layers II-VI contained some thin particles. Filiform particles extended along the shaft of dendrites, while lump-like particles surrounded the cell nucleus, particularly near the base of the dendrites ( Fig. 3A2-4) .
A conspicuous population of SReln-ir neurons was present in layer I; in fact, all the neurons labeled in this layer were SReln-ir, even if with different intensities of staining ( Fig. 1E ). Most of these cells had small (5-8 µm) round or fusiform bodies, and bitufted or multipolar dendritic arrangements. In addition, relatively large neurons (10-20 µm soma size) with one or two thick, long and poorly branched dendrites extending parallel to the cortical surface were occasionally obser ved immediately beneath the pia. The somata of these cells were so superficial that they often bulged on the cortical surface ( Fig. 3A1 ). These large subpial neurons were obser ved in the medial limbic areas more often than in frontopolar, occipital or dorsolateral isocortical areas ( Fig. 1A-C ). An additional, smaller population of SReln-ir neurons was scattered throughout layers II-VI, but mostly in II-III. These cells resembled the small SReln-ir neurons of layer I. A few interstitial cells in the white matter were SReln-ir (Table 1) .
Nissl counterstaining showed a relatively small population of isocortical neurons in all layers that was not immunoreactive for Reelin ( Fig. 3A1 -2). The soma size of these neurons was similar to that of the smallest isocortical neurons (∼5 µm). Neuropil labeling was present in all cortical layers, and densest near the pial surface in layer I (Fig. 3A1-4) .
Reelin Immunoreactivity in the Hippocampal Formation and Entorhinal Cortex
Temporomedial cortical areas contained large numbers of immunoreactive neuronal somata (Fig. 2) . The pyramidal neurons in A mmon's horn (CA), subiculum and entorhinal cortex were PReln-ir. Moreover, virtually all of the fascia dentata (FD) granule cells were PReln-ir as well. This labeling varied markedly between adjacent fields or layers. This was evident, for example, at the border between the entorhinal and perirhinal cortices ( Fig. 2A) ; between CA sectors 3 and 1 (Figs 2C, 3B4, 3B5); or between the layers of the entorhinal cortex (Fig. 2B) . Interestingly, in the case of the CA pyramids, the difference in staining intensity was due to a heavier staining of similarly sized particles, rather than an increase in the number of labeled particles (compare Fig. 3B4 and 3B5) .
The subpial layer of hippocampal formation areas (layer I of the entorhinal cortex, stratum lacunosum-moleculare of the subiculum and CA, or stratum moleculare of FD) contained numerous heavily stained SReln-ir neurons. The morphology of these cells resembled that of SReln-ir cells in isocortical layer I; however, larger neurons (10-20 µm), with tangential dendritic arrangements, were more abundant here, while smaller SReln-ir neurons were relatively scarcer, particularly in CA and FD (Fig. 2) . The large SReln-ir neurons were preferentially situated near the pial surface of the hippocampal fissure. The oriens and radiatum strata of CA contained additional populations of SReln-ir neurons (Fig. 3B3 ). The somata (5-15 µm) of these neurons were predominantly fusiform or multipolar. Their morphology and laminar location suggests that they were mainly interneurons; however, it is also possible that at least some cells in the stratum oriens corresponded to non-pyramidal neurons projecting to the septum (Rosene and Van Hoesen, 1987) . Similar SReln-ir neurons were observed in the hilar region of FD (Figs 2A, 2D, 3B3 ), as well as in the white matter of the entorhinal cortex (Fig. 2B) .
Nissl counterstaining revealed several interneuron populations in the hippocampal formation that were not immunoreactive for Reelin. These included neurons in the hilus and the molecular stratum of FD, and the strata radiatum and oriens of CA ( Fig. 3B3-4) .
Neuropil labeling was present in all layers of FD, CA (except in the alveus), subiculum and entorhinal cortex, and it became particularly heav y in the superficial third of the molecular layer of FD and stratum lacunosum-moleculare of CA ( Fig. 3B1-2) .
Reelin Immunoreactivity in Subcortical Structures
Most subcortical regions displayed large numbers of PReln-ir neuronal somata (Table 1 , Fig. 3C-I4 ). In the striatum, most neurons contained small and weakly immunoreactive particles. A population of slightly larger, striatal cells containing larger and more intensely immunoreactive particles was present all over the caudate ( Fig. 2A) and putamen (Fig. 3E) . Virtually all the neurons in the globus pallidus were PReln-ir ( Fig. 3F ). All nuclei in the thalamus, including the reticular nucleus, contained a majority of PReln-ir neurons. Labeling was similar in most thalamic nuclei ( Fig. 3G1-2) , except for the magnocellular layers of the dorsal lateral geniculate ( Fig. 3G3-4 ) and the nucleus reuniens, which were fairly more heavily labeled. Most other diencephalic nuclei and virtually all brainstem nuclei also contained a large majority of PReln-ir neurons (Table 1) . Particularly notable are the large particles that appear to wrap around the cell nucleus in the neurons of the dorsal (Fig. 3G5, top) and suprachiasmatic nuclei of the hypothalamus; the clustering of round particles in the soma and long filiform particles in the dendrites in the brainstem motoneurons (Fig. 3H2) ; and the complex ramified particles of the superior olivary nuclei (Fig. 3H3) . The neurons in the pontine (Fig. 3I3 ) and deep cerebellar nuclei were heavily PReln-ir. In the cerebellar cortex, virtually all the granule cells were PReln-ir; in addition, other larger neurons in the granular layer, presumably Golgi cells, showed similar labeling (Fig. 3I4) . The molecular layer contained scattered PReln-ir neurons, presumably stellate and/or basket cells (Fig. 3I1) . Strikingly, all the Purkinje cells were conspicuously PReln-ir (Fig. 3I2) .
Basal telencephalic regions (Table 1) , particularly those nuclei located near the pial surface (medial septal nucleus, diagonal band, cortical and medial amygdaloid nuclei), contained numerous SReln-ir neurons (Fig. 3C ). In the diencephalon, SReln-ir neurons were only observed in two regions: the paraventricular-periventricular nucleus of the hypothalamus (Fig. 3G5) , and the nucleus of the posterior commissure (not illustrated). Remarkably, the brainstem and cerebellum contained no SReln-ir cells.
Most subcortical gray matter structures displayed neuropil immunoreactivity (Table 1) . Labeling was particularly heavy in the molecular layer of the cerebellum (Fig. 3I1 ).
Subcellular Localization of the Reelin Immunostaining
The morphology of the labeling in neuronal somata and proximal dendrites in Nissl-counterstained 50 µm thick sections strongly suggested that the immunolabeling was located intracellularly. Examination of semithin (2-3 µm thick) immunoreacted sections counterstained with toluidine blue showed that, in fact, Reelin immunoreactivity was always located within the neuronal cytoplasm. In the PReln-ir neurons, the immunoreactive particles surrounded the nucleus and often extended along the stalk of the main dendrites, leaving the rest of the cytoplasm unstained ( Fig. 3J,L) . In the SReln-ir neurons, the labeling extended irregularly but covered the whole cytoplasm of their neuronal somata. Since these cells were mainly interneurons, their cytoplasmic area was relatively small; nevertheless, spots of heav y immunolabeling alongside weakly stained regions were apparent within it (Fig. 3K ). Neither PReln-ir nor SReln-ir cell nuclei showed immunolabeling.
The light microscopy appearance of the immunoreactive particles was strongly suggestive of Reelin epitope association with specific cell organelles, particularly with the endoplasmic reticulum and Golgi complex (De Camilli et al., 1986; Gonatas, 1994) . To confirm this possibility, we prepared thin (60-80 nm) sections of neurons identified as either PReln-ir or SReln-ir in semithin sections, and examined them with a transmission Nissl counterstain reveals that the immunoreactive particles overlap neuronal somata and proximal dendrites. These intracellular particles appear to surround the cell nucleus, and display a remarkably different shape and caliber depending on the region and cell type. Nissl counterstaining also shows that some cells are not immunoreactive for Reelin; most of these have small (2-3 µm) darkly stained nuclei and are thus presumably glial cells, but some are larger and paler, and are presumably neurons (arrows in A1, A2, B3, B4 and C). In addition to immunoreactive neuronal somata, note that, in many structures, a finely grained immunoprecipitate is evident in the neuropil (A1, A3, B1, B2, B5, G2, G6 and I1). (J-L) Semithin sections of immunoreacted tissue with toluidine blue counterstaining. Bar for J-L = 5 µm. (J) A layer III pyramidal cell from the rostral prefrontal cortex. Pial surface is at the top. Note the elongated immunoreactive particles in the cytoplasm around the nucleus and in the stem of the apical dendrite. (K) A layer II multipolar interneuron of layer II in the rostral prefrontal cortex with solid Reelin immunostaining (SReln-ir). The labeling covers the whole cytoplasm of the cell soma. (L) A cerebellar cortex Purkinje cell. Nickel-enhanced DAB immunostaining. Note, as in J, that the large immunoreactive particles surrounding the nucleus are clearly separated from the plasmalemma. electron microscope. Some of the resulting images are presented in Figure 5 .
The overall immunoreactivity in the glutaraldehyde-fixed tissue used for electron microscopy was lower than in the sections fixed only with paraformaldehyde analyzed with light microscopy. Immunostained complexes of elongated membranous cisternae were recognizable in the cytoplasm of the SReln-ir and PReln-ir neurons around the nuclear membrane. Labeling was heavier and more continuous in the cisternae of the SReln-ir cells (Fig. 5B-C) than in those of the PReln-ir cells (Fig. 5F-H,K) . Labeled cisternae in SReln-ir cells included both closely apposed (∼30 nm of separation between adjacent cisternae) and more separated (∼150 nm) cisternae ( Fig. 5B-C) . These features indicate (Peters et al., 1991) that the labeling in SReln-ir cells involved the endoplasmic reticulum and the Golgi complex. In the PReln-ir cells, the labeled cisternae exhibited the typical morphology of the Golgi complex. These cisternae were either located around but at some distance from the nuclear membrane, or along the dendritic shafts ( Fig. 5D-E,I-J) . The SReln-ir neurons, but not the PReln-ir neurons contained, in addition to these labeled membranous organelles, an amorphous immunoprecipitate throughout the cytoplasm (Fig. 5A-B) . 
Discussion
Overview of results
We have systematically mapped both the immunoreactivity to Reelin protein in cortical and subcortical regions of the adult macaque brain, as well as the subcellular localization of the immunoprecipitate in cells of the cerebral cortex and cerebellum. Our results show that a great majority of adult macaque brain neurons, including projection neurons and interneurons, are immunoreactive for Reelin. Although the immunolabeled neuronal somata show a wide spectrum of staining patterns, most could be readily ascribed to either one of two basic categories: (a) labeling of discrete intracytoplasmic particles with widely var ying shapes and sizes (PReln-ir cells), or (b) solid staining of the cytoplasm and proximal dendrites (SReln-ir cells). In addition to their adequacy for descriptive purposes, these different patterns might ref lect substantial differences in protein expression levels, and/or in protein trafficking.
The PReln-ir neurons were far more numerous, and were found in all brain, cerebellar and brainstem regions, whereas the SReln-ir cells were largely restricted to cortical telencephalic structures. In addition, several brain regions, including the cerebral cortex, contained relatively small interneuron populations that were not immunoreactive for Reelin. Electron microscopy data indicate that in PReln-ir neuronal somata, the labeling is associated with the Golgi complex, whereas in the SReln-ir cells, as well as in the Golgi complex, it is also present in the endoplasmic reticulum and cytoplasm.
In addition to neuronal somata, the neuropil of all cortical and subcortical gray matter regions displays finely grained immunostaining. In our material, it is unclear whether this labeling corresponds to axons, dendrites, or both. However, the obser vation that some long fiber tracts showed a punctate immunolabeling along their axons and terminal fields (Fig. 4) , indicates that, in some projection neurons, Reelin could be transported in tiny particulate structures along the axons to the terminal arborizations. These observations concur with recent electron microscope obser vations in embr yonic mice Cajal-Retzius cells to the effect that Reelin is contained in discrete, and would be secreted from, membrane-bound vesicles within the axons of these cells (Derer et al., 2001) . Similarly, the heavy immunolabeling in the neuropil of the molecular layer of the cerebellum has been attributed to Reelin transport along granule cells axons . The fact that Reelin can be transported over long distances through some axonal systems may be relevant in accounting for the localization of Reelin protein in the neuropil of at least some brain regions. Nevertheless, it is as yet unclear whether this is a general mechanism, since, apart from the lateral olfactory tract and the stria terminalis, we could not detect unambiguous Reelin immunoreactivity in other white matter tracts.
Below, we compare our results with available reports of Reelin mRNA or protein distribution in the adult brain of other species, and then explore some of the implications that the observed pattern of Reelin distribution may have for our understanding of the functional roles of this protein in the adult primate brain.
Most Projection and Local Circuit Neurons in the Cerebral Cortex Contain Reelin
Our obser vations regarding SReln-ir neurons in the cerebral cortex confirm and extend previous obser vations in adult primates (Rodríguez et al., 2000; Zecevic and Rakic, 2001) , including humans Fatemi et al., 2000; Guidotti et al., 2000) , that several interneuron popu-lations, mainly in cortical layer I, but also in deeper layers, are strongly immunoreactive for Reelin. Several similar populations of Reelin-positive cortical interneurons have also been found in adult rodents and carnivores (Pesold et al., , 1999 Pérez-García et al., 2001; Martínez-Cerdeño and Clascá, 2002) .
The relatively large (∼20 µm) SReln-ir subpial interneurons with thick and largely tangential dendrites obser ved in our macaques are more frequently found in medial limbic isocortical areas, entorhinal cortex and hippocampal formation than in dorsolateral, frontal and occipital isocortical areas, while the smaller layer I interneurons appear in roughly equivalent numbers. The large subpial Reelin-immunoreactive cells have been considered a remnant of the Cajal-Retzius cell population generated in embryonic life (Meyer and Goffinet, 1998; Zecevic and Rakic, 2001) . It is thus tempting to speculate that their uneven distribution might, in part, ref lect a more marked 'dilution effect' in the cortical areas that undergo pronounced growth in the later developmental stages of primates (Blinkov and Glezer, 1968; Marin-Padilla, 1998) . Interestingly, we observed a substantial population of large tangential (Cajal-Retzius like) interneurons in the adult macaque hippocampus (Fig. 2) , while studies in mice hippocampus have reported that similar, tangentially oriented 'Cajal-Retzius' cells die postnatally (Del Rio et al., 1995 .
We show here that virtually all the pyramidal neurons in the monkey isocortex, mesocortex and archicortex contain significant amounts of intracellular Reelin in their soma, and that a large fraction of the protein is located within the Golgi apparatus. In contrast, Reelin-containing pyramidal cells appear to be much less numerous in rodents and carnivores, where only some layer V pyramidal cells, and the layer II pyramidal cells of the entorhinal cortex, are immunoreactive for Reelin Pérez-García et al., 2001; Martínez-Cerdeño and Clascá, 2002) . Similarly, the FD granular cells are heavily PReln-ir in macaques (present results), but not in rodents or carnivores (V. Martínez-Cerdeño and F. Clascá, unpublished observations).
In humans, immunoreactive pyramidal cells with a particulate staining have been reported in layers II and III of the entorhinal cortex (Pérez-García et al., 2001) , but not in the isocortical areas. The significance of these findings in humans is unclear, given the fact that the immunostained brain samples were fixed by immersion and after a post-mortem delay of >17 h Guidotti et al., 2000) or <10 h followed by embedding in paraffin (Pérez-García et al., 2001) . The scant labeling of human cortical pyramidal neurons may thus ref lect degradation of immunoreactivity in the samples.
Most Neurons of the Striatum, Thalamus, Brainstem and Cerebellum Contain Reelin
To our knowledge, this is the first report of Reelin protein localization in subcortical regions of primates, and the first, outside the cerebellum, for any adult mammal (Miyata et al., 1996; Pesold et al., 1998) .
In situ hybridization studies of Reelin mRNA in adult mice constitute the only, if limited, reference for comparison with the present study (Ikeda and Terashima, 1997; Schiffmann et al., 1997; Alcántara et al., 1998) . It seems that the macaque brain contains Reelin protein in all the subcortical cell groups that are equivalent to those hybridizing for Reelin mRNA in adult mice, but, in addition, it also contains Reelin protein in many other regions and neuronal types that do not hybridize Reelin mRNA in mice. A n important caveat, however, is that these interspecies differences may be in part only apparent, because the hybridization experiments in mice were carried out using digoxigenin-labeled riboprobes that may be not sensitive enough for detecting the low levels of mRNA usual in adult brain cells (Hockfield et al., 1993) .
Subcortical cell groups labeled in both adult mice and macaque monkeys include the diagonal band of Broca, the amygdala, the pretectum and the anterior olivary nuclei. Nevertheless, hybridization in these regions was reportedly weak, and limited to a few neurons in mice (A lcántara et al., 1998) , whereas immunolabeling is robust and widespread in macaque monkeys. Reelin-positive cell groups in macaque monkeys with Reelin mRNA-negative equivalents in adult mice include the striatum, globus pallidus, all the nuclei of the dorsal thalamus, and hypothalamus. One should, however, note that some of these nuclei, such as the striatum and hypothalamic nuclei, do hybridize Reelin mRNA during development (Schiffmann et al., 1997; Alcántara et al., 1998) . No mRNA data are available for caudal brainstem nuclei in adult rodents. Interestingly, we show here that the neurons of the inferior olivary, facial and trigeminal nuclei, whose cytoarchitecture is disrupted in reeler mice (Goffinet, 1983; Goffinet et al., 1984a,b) , are heavily PReln-ir in adult primates.
The somata of granule cells of the cerebellar cortex (Miyata et al., 1996; Pesold et al., 1998) and the terminal neuropil of their axons (the molecular layer) are heavily Reelin-immunoreactive in rodents (Miyata et al., 1996; Pesold et al., 1998) and macaques (present results). In contrast, the Purkinje cells in the macaque are conspicuously immunoreactive, while their rodent counterparts do not show Reelin messenger or protein either in adults or during development (Ogawa et al., 1995; Miyata et al., 1996; Schiffmann et al., 1997; Alcántara et al., 1998; Pesold et al., 1998) .
Inter-species Differences in the Reelin-containing Neuronal Populations
At present, rats are the only other mammals for which extensive Reelin protein mapping in the adult brain is available (Miyata et al., 1996; Pesold et al., 1998) . In comparison, our obser vations in macaques suggest a vast increase in the number of cells and circuits that may be under the direct inf luence of Reelin in the primate lineage. For a number of reasons, we believe that the inter-order difference is genuine, and cannot be explained away as spurious labeling or antibody cross-reactivity in macaques. First, we obtained similar results with two different, well-characterized monoclonal IgGs that are directed to closely adjacent but non-overlapping amino acid sequences in the F-spondin-like region of Reelin (De Bergeyck et al., 1998; Utsunomiya-Tate et al., 2000; Ichihara et al., 2001) that is critical for protein function (Ogawa et al., 1995; Del Río et al., 1997; Nakajima et al., 1997; Borrell et al., 1999; Utsunomiya-Tate et al., 2000; Quattrocchi et al., 2002) . These two antibodies have high affinity for binding the full-length and processed forms of the protein in rodents and primates (De Bergeyck et al., 1998; Impagnatiello et al., 1998; Lacor et al., 2000; Hong et al., 2000) . It is very unlikely that the two monoclonal IgGs would react with a protein other than Reelin. Second, omission of the primary antibody yielded no labeling. Third, Rodríguez and colleagues (Rodríguez et al., 2000) reported identical immunolabeling in the isocortical pyramidal cells in three further different Old World primate species: baboon (Papio papio), patas monkey (Erythrocebus pata) and stump-tailed macaque (Macaca artoides), consistent with our observations in Macaca nemestrina and Macaca mulatta. Although these authors interpreted the PReln-ir labeling as perisomatic axon terminals, their data together with the present data from two additional species of macaque monkeys, imply a widespread expression of Reelin in the primate cerebral cortex.
From a broader perspective, Reelin immunolabeling differences in particular neuronal types of primates and rodents are in consonance with recent evidence for large quantitative differences between different mammals in the mRNA expression and protein levels of numerous genes in equivalent brain regions (Enard et al., 2002) . Moreover, a growing number of biochemical/morphological neuronal phenotypes specific to primates have been identified in recent years (DeFelipe, 1997; Elston et al., 2001; González-Albo et al., 2001; Letinic et al., 2002) . Together with those reports, the present findings emphasize the relevance of studies focused in the primate brain.
Reelin Function in the Adult Primate Brain
Since its identification in 1995 (D'Arcangelo et al., 1995) , Reelin has been investigated mainly as a protein involved in neurodevelopmental mechanisms. In the embr yonic brain, Reelin is believed to control neuroblast positioning through the regulation of cell-to-cell adhesion. There is evidence that Reelin may exert this function acting as an intercellular signaling molecule [for recent reviews, see Aboitiz et al. (Aboitiz et al., 2001) or Rice and Curran (Rice and Curran, 2001) ]. As such, Reelin is secreted, binds to receptors, and triggers several potential transduction pathways in target cells (Derer et al., 2001; Rice and Curran, 2001) . The best characterized of these pathways includes binding to ver y low density lipoprotein receptor and ApoE receptor 2, resulting in an internalization of Reelin and activation of a tyrosine kinase cascade that, in turn, phosphor ylates the cytoplasmic adapter protein Disabled-1 (Dab-1) Hiesberger et al., 1999; Trommsdorff et al., 1999) . Parallel, although less clearly delineated, pathways have been proposed that involve binding to integrin α3β1 receptor (Anton et al., 1999; Dulabon et al., 2000) , or to cadherin-related neuronal receptors (Senzaki et al., 1999) . In the embryonic cerebral isocortex, Reelin-mediated intercellular signaling may be crucial, for example, in the genesis of the inside-out neurogenetic gradient of neurons (Gleeson and Wash, 2000; Rice and Curran, 2001; Magdaleno et al., 2002) . In this case, Reelin synthesized and secreted to the extracellular matrix by the Cajal-Retzius cells of the marginal zone (Ogawa et al., 1995) would interact with receptors in cortical plate migrating neuroblasts that do not synthesize Reelin (D'Arcangelo et al., 1995; Schiffmann et al., 1997; Alcántara et al., 1998) , but do express Dab-1 (Howell et al., 1997; Rice et al., 1998) .
There is now ample evidence that Reelin is also widely present in the adult brain (Schiffmann et al., 1997; Alcántara et al., 1998; Pesold et al., 1998 Pesold et al., , 1999 Rodríguez et al., 2000; Pappas et al., 2002; present results) ; however, its function/s there are still elusive. As in development, Reelin is secreted to the extracellular space (Pappas et al., 2002) . It has been suggested that Reelin could be involved in the modulation of synaptic plasticity acting as an intercellular signaling molecule between interneurons and pyramidal cells through a Dab-1-mediated pathway (Pesold et al., , 1999 Rodríguez et al., 2000) . This conclusion was based on observations in rodents that (a) Reelin protein and mRNA (as detected with digoxigenin-labeled riboprobes) were present in several cortical interneuron populations, (b) they were absent in most (but not all) pyramidal cells, and (c) the Dab-1 adapter protein is present in pyramidal cells and some interneurons Rodríguez et al., 2000) .
Our observations in macaques show, in contrast, that virtually all the pyramidal cells and numerous interneurons contain substantial amounts of Reelin in their secretor y pathway organelles. The most straightforward interpretation is that both pyramidal cells and interneurons synthesize and secrete Reelin in macaques. It is thus difficult to envision that the main role of this protein is to act as an intercellular signaling molecule between the two neuronal populations as has been proposed (Pesold et al., , 1999 Rodríguez et al., 2000) . Admittedly, such a role cannot conclusively ruled out because there is a small population of interneurons that seem not to contain Reelin.
A lthough we favor the conclusion that all Reelin-immunoreactive neurons synthesize Reelin, lack of mRNA data in primates still leaves open the possibility that only SReln-ir cortical interneurons synthesize Reelin (Pesold et al., , 1999 Rodríguez et al., 2000) . To account for our observations, however, this would require that pyramidal cells (and many other subcortical PReln-ir cells as well) would somehow internalize and accumulate large amounts of the protein in their Golgi apparatus. There are suggestions that secreted Reelin may be internalized after binding α3β1 integrin (Dulabon et al., 2000) , and it is known that the Golgi apparatus is involved in receptor-mediated endocytosis and subsequent processing of some proteins (Gonatas et al., 1994) . Nevertheless, even if such a mechanism could explain labeling in PReln-ir cortical pyramids, which are adjacent to numerous SReln-ir interneurons, it is more difficult to explain the widespread PReln-ir obser ved in structures like the striatum, thalamus, etc., that lack SReln-ir neurons (Table 1 ). Furthermore, since published studies have found no Reelin protein in most cortical pyramids in other mammals Martínez-Cerdeño and Clascá, 2002) , the hypothesized internalization-accumulation mechanism would still be largely specific to primates. In situ hybridization studies in primates using sensitive riboprobes should definitively settle this issue in the future.
Recent evidence that Reelin itself is a serine-protease in the extracellular matrix (Quattrocchi et al., 2002) indicates that Reelin may well play functional roles other than in intercellular signaling. Secreted Reelin could be involved in the rapid proteolytic modulation of adhesive forces between pre-and postsynaptic elements, thus modulating the efficiency of synaptic transmission at the local level (Quattrocchi et al., 2002) . Binding to integrins (Dulabon et al., 2000; Rodríguez et al., 2000) would be important for stabilizing the secreted protein in local dendritic domains. These obser vations have led to the proposal that proteolytic regulation of synaptic transmission may be a major role for Reelin in the adult (Quattrocchi et al., 2002) . Our finding of Reelin in most cell types of the adult macaque brain, and its localization in somata, axons and neuropil appear to be consistent with such a role.
